ABSTRACT
INTRODUCTION
How cities adapt to the changes in the physical environment and manage risk is critical to their economic viability and sustainability. Urbanization and population growth coupled with more severe climatic condition have increased natural disasters and losses in the United States. According to the Spatial Hazard Events and Losses Database for the United States (SHELDUS), natural hazard losses from 1960 to 2011 amounted to $670.8 billion with 30,441 fatalities and 227,230 injuries. In 2011 alone, the total losses from natural disasters were $23.2 billion with 1,020 fatalities and 8,252 injuries. Flooding related losses were a large share of total losses with an average of about 20 percent of the economic losses, while hurricane and coastal storm surge losses amounted to 25 percent of the total loss. 1 The predicted global mean sea level over the next century is 32 cm and could reach 75-190 cm. The most plausible range is between 0.8 m at the low end and 1.05 m at the high end. [2] [3] [4] While there are differences in the sea level rise (SLR) projections, a 1-m SLR over the remaining part of this century is considered plausible by many in the scientific community. 5, 2 With SLR, increased intensity in tropical storms and geophysical hazards such as tsunamis can intensify flooding in coastal areas. The concentration of human settlement and economic activities along coastlines, along with the increase in hazardous events will increase exposure and vulnerability to coastal hazards, unless actions are taken to reduce risks.
This article builds on recent research assessing and quantifying the mechanics and impacts of SLR, [6] [7] [8] [9] storm-induced coastal flooding, [10] [11] [12] [13] [14] or tsunami-induced flooding, [15] [16] [17] [18] and flash flood and riverine flooding 19, 20 for the study area and the Hawaiian islands. However, only a few studies have analyzed the effects of multiple hazards. We have previously integrated the results from flooding models with socioeconomic conditions. 21 This article builds on previous work and describes probable worst case flooding hazard scenarios and impacts for the urban core in Honolulu shown in Figure 1 which includes Waikiki and downtown and most of the economic, commercial, and cultural activities on the island. The social and economic vulnerabilities to different sources of flooding are characterized. The impacts on the road network, travel behavior, and critical infrastructure are also studied. Finally, the impacts of flooding on evacuation behavior and trip making to emergency shelters are also examined.
DATA AND METHODS
The risks associated with coastal flooding can be estimated with either a probabilistic hazard risk analysis approach, such as the optimization-based probabilistic scenario (OPS) method 22 or a deterministic approach in which historical flooding events are modeled. In this article, both deterministic and probabilistic approaches were used. The hurricane and tsunami models use a deterministic approach insofar as they include the worst case scenarios based on historic events in Hawaii. Several different hazards were considered. First, a 1-m increase in sea levels was used to establish a base water level. Over the long term, certain areas are susceptible to flooding without any adverse hazardous event. Using LiDAR (Light Detection and Ranging) topographic data, areas vulnerable to a SLR of 1 m combined with the Mean Higher High Water (MHHW) level were identified as areas prone to flooding. MHHW is the long-term average of the higher of the daily high tides. It represent a constant water level based on coastal tides and does not include changes due to the tidal forcing, downstream flow, or other factors. The area is represented as a seamless topobathy with elevation of 2.741 m based on the North American Vertical Datum of 1988 (NAVD88) and includes a 1 m of SLR. Three other hazard models were used. The first simulated a category 4 storm, similar to Hurricane Iniki which hit Kauai in 1992, with a central pressure ranging from 910 to 970 mbar and maximum sustained winds ranging from 90 to 150 mph. A suite of numerical models 11, [23] [24] [25] were used to produce storm surge flood depth, flow speed, and inundation areas. The other model simulated inundation based on five tsunamis that struck Hawaii: i) the 1946 Aleutian earthquake (8.2 Mw), ii) 1952 Kamchatka earthquake (9.0 Mw), iii) 1957 Aleutian earthquake (8.6 Mw), iv) 1960 Chile earthquake (9.5 Mw), and v) the 1964 Alaska earthquake (9.2 Mw).
In addition to the tsunami and hurricane models, a 500-year riverine flood model was generated using Hazus-MH software 26 to capture inland flooding from heavy rainfall. Based on watershed topography, the Hazus-MH generates a 1-arc second resolution Digital Elevation Model (DEM) from the National Elevation Dataset (NED) through the United States Geological Survey's (USGS) Seamless Data Distribution System (SDDS). It then creates a stream network using a flow accumulation function to estimate the number of upslope cells which flow into each downslope cell to estimate areas and depths of flooding. The SLR estimates, storm surge, and tsunami inundation models were developed as part of a NOAA Coastal Storms Program (CSP) project with the University of Hawaii, Sea Grant Program.
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The spatial unit of analysis was a 100 m × 100 m square grid cell constructed using ArcGIS. 28 The estimated flooding depths and socioeconomic data from the US Census Bureau, InfoUSA, and the City and County of Honolulu were compiled and assigned to the grid-based geography. Data were apportioned from census block and parcel files, with cross validation across sources and confirmation of land use and activities with detailed aerial and satellite imagery. The inundation model results were overlaid on the grid structure. Geoprocessing routines were used to convert the different maps into a common scale. After the grid cells were populated with flood depths and socioeconomic attributes, the complete database was exported and analyzed in SAS, 29 a statistical analysis software package. The results were then imported back in to the GIS for further visualization, analysis, and mapping.
The regional travel demand model from the Oahu Metropolitan Planning Organization (OMPO) for 2035 was used to estimate the origins and destinations for 11 trip types including motorized and nonmotorized travel modes. The OMPO model includes personal travel, travel to airport, commercial vehicle travel, and visitor travel submodels. Origin and destination trip matrices for Traffic Analysis Zones (TAZ) and highway and transit trips were simulated with the model. The O-D trips and segment volumes were assigned to grid cells. In the absence of evacuation travel surveys, a novel feature of this study is to estimate trip making to shelters using travel demand software and latest available roadway network and O-D matrices.
The next section summarizes the key findings and quantifies the socioeconomic exposure for different flood depth levels. Concerns related to shelter accessibility and evacuation travel behavior are also discussed. Additionally, the impact of flooding on critical infrastructure facilities such as hospitals, utilities, public works, and emergency services are also described. Further discussion on the policy implications and recommendations are provided at the end of the article. Figure 2 shows the combined effects SLR, tsunami, hurricane storm surge, and inland surface flooding on grid cells in the study area. This analysis identifies the maximum of maximums, that is, the maximum flood depth within the grid for each of the three different hazards and selecting the highest value among the three inundation hazards. For example, if a grid cell was found to have a maximum of 2 ft flooding due to hurricane storm surge, a maximum of 3 ft flooding due to tsunami and a maximum of 5 ft flooding due to riverine flooding, then the assigned flooding depth to this grid cell would be for riverine flooding, or 5 ft. While Figure 2 provides the magnitude and spatial distribution of flooding, Figure 3 shows which of the three flooding types (tsunami, hurricane storm surge, or riverine flooding) is the most critical for any grid cell.
RESULTS

Flooding depth and ruling hazard
The ruling hazard concept is similar to the ruling gradient in highway geometric design. Synonymous to the steepest slope on the longitudinal profile of a roadway layout, the ruling hazard indicates the predominating hazard and the maximum inundation depth value. While, in general, increasing depth means higher risk of damage, communities, utilities, and their governments might choose to respond differently to the hurricane versus tsunami or riverine flooding. Table 1 provides the cumulative flooding scenario results for the worst possible flooding impact of the three inundation hazards. Table 1 is a summary of the flooding shown in Figure 2 . The first column in Table  1 describes the flood category. Not flooded refers to the total number of grids in the study area which are not affected by any of the hazards (hurricane storm surge, tsunami run-up, or riverine flooding). The flooding depth is then categorized and listed into 10 categories, from 0 to 1 ft, 1 to 3 ft, 3 to 5 ft, and so on. Table 2 shows economic exposure to flooding. Economic data are derived from the InfoUSA database, extracted with ESRI's Business Analyst software. The data include the business name, location, North American Industry Classification System (NAISC) code, number of employees, and sales volume. Economic value, in this study, is the total amount of business sales of the industry within the sector. These values are current as of January 2009. Data initially included all businesses in Hawaii which were later reduced to only those in the study area. The 32,472 business establishments in the study area were grouped into 41 classes as formulated in the Department of Business, Economic Development & Tourism (DBEDT) Planning for Sustainable Tourism project. 30 In the table, TOURISM, CONMANF, HEALSER, RETWHOL, OTHERST, and ALL_SALES refer to tourism, construction and manufacturing, health sector and other services, retail and wholesale, other sector, and total economy, respectively. The percentage values in the last row of the table represent the portion of the total value of the sector affected by flooding. For example, the total value of the tourism sector in the study area is $3.2 billion of which $2.8 billion is potentially affected by plausible worst case flooding. The tourism sector's economic exposure to flooding is therefore 87 percent.
Economic exposure
As a whole, $34.8 billion or 80 percent of the study area's economy will be exposed to the combined worst case flooding hazard, due to hurricane storm surge, tsunami run-up, and riverine flooding with a 1 m rise in sea level. The exposure rate decreases after 8 ft for all sectors of the economy. This is because there are fewer grids which are affected beyond 8 ft of water. Also businesses are, to some extent, located in areas that are not prone to high levels of flooding.
Employment exposure
Similar to the economic impacts, the employment count impacts in the five leading economic sectors are summarized in Table 3 . The data for employment were obtained using the same NAISC industry aggregation of the InfoUSA database. Unlike the economic data, the employment data include the government sector employment values as these data are included in the InfoUSA database.
The percentage values represent the portion of the total value of the affected employment in each sector of the economy. As a whole, 212,746 or 76 percent of the total study area jobs are exposed to the combined modeled hazard, which is the worst possible inundation due to hurricane storm surge, tsunami run-up, and riverine flooding with 1 m rise in sea level. Figure 3 shows that the employment exposure rate decreases after 5 ft for tourism, and construction and manufacturing sectors and 8 ft for the remaining sectors of the economy.
Land and building exposure
The Honolulu City and County TMK map includes information on the zoning type, the number of housing units within each land parcel, and building and land values. Table 4 shows the exposure of the cumulative building and land value. Table 4 shows that $27.24 billion (65 percent) of the total building value in the study area and $29.11 billion (55 percent) land value are exposed to the flooding. The absolute value of exposure in the study area for both building and land is roughly the same.
However, in terms of the total percentage, building exposure to the flooding is 10 percentages more than that of land. Figure 4 shows that the land exposure rate levels off after 5 ft, but even though the rate for building exposure decreases after 5 ft there is still a significant exposure of building until 12 ft. This is expected as coastal areas which are affected by shallow to medium flooding levels also have more building developments. Private holdings of lands are evenly distributed throughout the study area.
Road network exposure
Total lengths of freeway, highway, arterial, and local street for each grid were calculated using the road network data available at the City and County of Honolulu's GIS Web site. Flooding exposure was then examined. Table 5 shows that the 38 percent of freeways (FWY), 44 percent of highways (HWY), 69 percent of arterial roads (ART), and 40 percent of local streets (STR) are exposed to worst case flooding scenarios. As a percentage, arterial roads are significantly more exposed to the flooding compared to other road types. However, in terms of an absolute number, local street exposure is very high. The length of local streets exposed to flooding is 221.20 miles compared to 18.68 miles, 14.24 miles, and 17.73 miles for freeway, highway, and arterial roads, respectively. Freeway, highway, and arterial roads are major thoroughfares, carrying a majority of the traffic and thus extensive flooding condition will cause systemwide traffic disruptions. Along with the high exposure in terms of miles, local street exposure depths level off after 16 ft compared to 8 ft for other road types.
Travel trip exposure
Data from OMPO's travel demand model overlaid on the flooding hazard layers allowed for the assessment the travel trip exposure to flooding scenarios. Table 6 summarizes the combined impacts of the flooding scenarios on automobile, transit, and truck traffic. The flooding depth was then recategorized based on vehicular movements during flood conditions. Grid cells were categorized into the following four depths: i) not flooded; ii) flooded less than 1 ft; iii) flooded between 1 to less than 2 ft; iv) flooded between 2 to less than 5 ft; and v) flooded beyond 5 ft. This categorization is based on how an automobile behaves in flowing water. It is observed that 1 ft of water with a speed of 6 mph can move a typical car, and as little as 2 ft can float most cars. 31 Up to 1 ft of flooding is categorized as minor where vehicular traffic will experience inconvenience. The subsequent higher depth categories are defined as moderate, major, and severe. Moderate flooding will close the road traffic while major and severe may provide structural damage to buildings, facilities, and road embankments and bridges.
Analysis of Table 6 shows that for automobiles, (69.9 percent). These are significant threats both in terms of the study area, but also as a proportion of the total trip-making activities for the entire island, as the study area contributes to 37 percent of total origin trips and 57 percent of total destination trips. For transit and truck trips, the proportions are even higher. The study area contributes to 48 percent of all transit trip origins and 70 percent of trip destinations. Total truck trip origins for the study area are 60 percent of the total truck trip origins while the destination trips are 59 percent of the total trip destinations.
Critical infrastructure flood exposure
The answer to how vulnerable a community is to a given hazard not only depends on how the hazards interact with socioeconomic vulnerability but Figure 4 shows the overlay of infrastructure on the classified grid map. Table 7 quantifies the exposure. Table 7 paints a grim picture with many of the critical infrastructure facilities located in the worst flood zones. All major electric power, oil, port, potable water, and wastewater facilities are in the flooding zone. Eighty-five percent of the communication facilities, which are mainly radio and TV stations, and 80 percent of the hazardous material sites will be affected. Around 50 percent of the fire stations, hospital and clinics, and highway bridges will also be vulnerable to the flooding. Even 29 percent of shelters (mostly public schools) and 25 percent of the police stations are in the inundation zone. Half of the emergency operation centers are susceptible to flooding.
Demographic exposure and evacuation
The population exposure to flooding is provided in Table 8 . The first part of the table provides the population exposure to the flooding. The row Pop2010 is the population in 2010. Forty-five percent of the total population would be affected by the flooding. Todlr2010 is the total number of toddlers and young children aged 5 years and below. Forty-one percent of toddlers will be affected. Senior2010 is the number of seniors older than 65 years, of which 44 percent will be impacted. Pop2100 is the estimated population in 2100 based on the historical growth rates and expected to have the same ratio of exposure as of current population. As a percentage, total and population subgroups are exposed evenly between 41 and 45 percent. If exposure by depth is analyzed (not shown in the table), there is a significant rate of increase in exposure of the population with depth up to 20 ft. Toddler and senior population subgroups exposure levels off after 8 ft.
Using the Oahu Metropolitan Organization's travel demand model, an analysis was performed to assess evacuation from flooded grids. Evacuation distance and time for auto travel from the flooded grid centroid to the nearest designated unflooded evacuation center was calculated to assess shelter evacuation needs. Analysis for each of the four flooded categories was conducted to estimate shelter requirements based on flood depth. The approach demonstrates the evacuation requirements and the total cumulative value at the highest flood level given the evacuation time and distance for travel between flooded grid cells and shelter locations. Figure 5 shows the grid center to evacuation shelter path line diagrams created using the Oahu street file and using trip routing algorithm based on the Oahu street file and the travel impedance and traffic characteristics of the Oahu travel demand model. To make the figure legible, straight path line was shown instead of actual travel routes. The analysis is based on the assumption that all shelters would be available to accommodate evacuees and those shelters in the inundation zone will not be in service. Moreover, evacuees will opt for the closest evacuation shelter. As shown in Table 8 , as flooding depth increases, some shelters will be inundated and will not be available for evacuation use. Based on the closest facility selection, not all designated evacuation centers would be populated at low levels of flooding while all shelters will be used at the highest flood level. The table also shows the cumulative and average travel distance and travel time based on the actual route for evacuation. For those grids with minor flooding, the total travel to evacuation shelter for the affected population of 14,974 is 6,723 miles and they will spend 1,390 hours (83,420 minutes) for travel to the closest evacuation center. For the highest flooding level, 161,388 people will travel a total of 118,543 miles and spend 28,993 hours in travel time. The travel time includes only the actual auto travel time and does not include the time needed for informing residents about evacuation and preparation, and response times. The evacuation distance accessibility and time burden provides the average travel distance and travel time per evacuating person and can be used for benchmarking and comparing evacuation strategies and shelter locations. At the highest flooding level (flood >5 ft), the total travel to evacuation shelters for the affected population of 150,301 is 196,420 miles and they will spend 48,980 hours (2,938,785 minutes) to travel to the closest evacuation center.
DISCUSSION
The analysis of the inundation scenarios presents difficult choices. The selection of the hazards needs to be both plausible and account for extreme events. In this study, coastal inundation was examined in terms of three different hazard events: hurricane storm surge, tsunami run-up, and inland riverine flooding. A base of 1 m SLR was included in the analysis to account for long-term change in the sea level. The combination of the worst possible hazard events to map inundation may look extreme; however, the methodology adapted is not a simple accumulation of flooding depth. Only the maximum flooding depth among the three simulated flooding depths in any given area is assigned as the final worst possible flooding depth. The demographic and economic exposures are then quantified based on the flooding depth. The exposure analysis provides the means to map out the capabilities needed to respond to the disaster events. Such approach is in line with the fundamental tenet "prepare for the worst, hope for the best" followed by the emergency managers and planners.
While it is possible to adopt a probabilistic approach for more frequent hazard events like hurricane and riverine flooding, the storm surge associated with the hurricane may not be correctly assessed by the probabilistic models as surge is also affected by the local conditions such as topobathymetry, coastal geology, and the direction of the hurricane. Moreover, tsunami events do not yet have a probabilistic model associated with the inundation. Even if it was possible to have probabilistic flood models for all hazards, determining a joint probability of the event would pose a significant analytical challenge. For the analysis, deterministic inundation flooding models for both hurricane and tsunami provided a more realistic and plausible flooding grid as they are based on historical extreme hazard events in Hawaii. Using Hazus-MH to model the riverine flooding provided a probabilistic 500-year flooding depth; however, selection of the stream reaches and constraining the analysis only to the study area essentially transformed the analysis to a deterministic model. Using the ruling hazard concept and a relatively small spatial grid unit, the highest depth and the nature of flooding source were mapped for the study area and provides a starting point for disaster planning of the study area.
The analysis showed that riverine flooding, shown in the ruling hazard map which demarcates the highest flooding depth based on the contributing hazard, is a major factor. The number of grid cells with riverine flooding is more than the tsunami flooding and nearly as many as the hurricane storm surge, indicating that riverine flooding should be considered just as catastrophic as tsunami and hurricane events. In fact, the historical losses because of river flooding in the study area have proved to be of serious economic consequences. The Manoa Stream flood event on October 30, 2004 , caused by a heavy and intense thunderstorm, breached the stream channel and flooded the adjacent residences and business, causing $5 million of damages to about 120 homes in addition to $80 million of damages to University of Hawaii Manoa campus. 17 The analysis indicates the exposure to the flooding which may or may not translate into loss but nonetheless indicates the vulnerability of the community. The analysis showed that $34.8 billion or 80 percent of the study area's economy and 212,746 or 76 percent of the total study area's jobs are exposed to the combined modeled hazards. Comparing the exposure of the economy ( Table 2 ) with employment ( Table  3 ) , the economy is more exposed than employment. One possible explanation for the high percentage exposure of the economy compared to the employment is that front-end customer serving outlets where more sales activities take place are concentrated in the flood prone areas compared to more spatially distributed employment pattern across the study area. As economic activities are derived from the sales value in the InfoUSA database, the difference is more apparent. Building exposure to flooding is greater when compared to land exposure based on dollar values, with $27.24 billion (65 percent) of the total building value and $29.11 billion (55 percent) land value in the study area exposed to flooding. This shows the vulnerability of the structures and built environment to flooding in the city developed on a coastal plain.
The pervasive nature of flooding is also evident in the impact to transport systems and trips. About 40-60 percent of the entire road system will be flooded and the flooding depth for the local streets would be greater, thus possibly contributing to difficulties in evacuation efforts. A critical infrastructure analysis showed that almost all of these facilities would be exposed to inundation. While exposure to flooding does not necessarily mean the loss of the critical functions of the infrastructure, they, however, indicate that the systems are not resilient and possibly could fail when they are needed most. The travel demand model analysis and overlay of the hazard showed a significant disruption in both origin and destination trips, destination trips are much more affected than the origin trips, as the travel demand model accounts for the entire island and the study area contains all the primary urban activity centers. The travel demand analysis also showed that transit trips are disproportionately affected, signifying that the low-income households who would use transit service the most, will have to absorb the severe impacts. Similarly, the higher impact on truck origin and destination trips indicates serious economic consequences to businesses.
The analysis of shelter availability and evacuation time burden was based on the assumption that all people in the inundation area would evacuate to the closest shelter. In reality, evacuee may select other shelters which may inflate the evacuation time burden. In such a case, the evacuation distance and travel time calculated in Table 8 would be an underestimate. The inundation model showed that 45 percent of the population was exposed to flood hazards which signify high demand for evacuation. The analysis shows that while there are a sufficient number of shelters such that the average travel time to a shelter does not exceed 20 minutes, the designated shelters have yet to be assessed as to whether or not they can accommodate the demand. Also the shelters have not been assessed as to whether or not they can withstand hazards such as high winds or earthquakes. As flooding depths increase, the indices for evacuation time and distances increase and suggest the need to improve current shelter locations.
The analysis provided key lessons for disaster mitigation planning and evacuation planning. First, there is great need to lessen exposure of the population, economy, and infrastructure by locating development away from hazardous areas. It may be difficult to move existing homes and businesses, but over time, redevelopment and relocation plans with an emphasis on risk reduction could be implemented. If relocating and retreating is not feasible, effective detection and warning systems need to be developed alongside efforts to increase resilience from flooding. The ruling hazard analysis is a first step toward understanding which set of threats to focus on. Critical infrastructure facilities, which include medical as well as telecommunication facilities, are mostly located in the inundation zones, and their operational performance could possibly be compromised during the severe flooding events. This is a key risk that should be addressed. Finally, the evacuation analysis showed that evacuation time and distances can be improved. A faster evacuation is preferred for coastal areas as a near source tsunami could reach the land within 25-30 minutes of an earthquake. Moreover, evacuation shelters should be assessed for their ability to withstand secondary impacts from disasters (high wind, earthquake) and to accommodate the anticipated demand.
CONCLUSION
As part of this NOAA-supported effort, computer models were calibrated to estimate tsunami and hurricane inundation zones along with an increase of 1 m SLR. A third model considering a 500-year riverine flooding was also included. Significant impacts on the economy, employment, and the population were described. In addition, impacts on the transportation system and critical infrastructure were also examined. The public transit system would sustain greater impacts compared to that of private auto travel, with disproportionate effects on low-income individuals. The evacuation assessment also showed areas for possible improvements.
The results of this analysis can be used and extended in a number of different ways. First, the analysis draws attention to the importance of coastal flood risk assessment by developing plausible worst case flooding scenarios and estimating the associated impacts on the population, economy, critical infrastructure, properties, and the transportation system. Second, the tools can be refined to compare the risks of various locations, different types of infrastructure, and across neighborhoods and communities. This could lead to the development of stronger mitigation or adaptation programs or better detection, warning, and alert programs. Third, this analysis can be utilized to better enhance evacuation planning. Beyond the problem of potentially flooded shelters, this study provides a method for estimating trip-making behavior in the absence of evacuation trip surveys. Fourth, the research presented in this article could be incorporated into long-term risk assessment, risk management, and risk transfer strategies. Finally, the studies could be a part of comprehensive planning and development guidance to address the threats and hazards associated with episodic events and long-term SLR.
Further studies are underway to capture other dimensions of coastal risk management. Understanding how people respond to impending disaster events and conducting more modeling of evacuation decision making is needed. Travel demand tools and functions such as mode choice or network assignment have an important role to play in modeling evacuation behavior. More surveys and simulations of human behavior are needed. Moreover, future research will examine different population groups and subgroups. In addition to focusing on vulnerable, at-risk populations, a group of special interest in Hawaii is tourists. The study area includes Waikiki, which is estimated to have around 60,000 visitors at any given time. This is more than one fifth of the resident population of the study area. Including tourists and their evacuation behavior would be an important aspect of evacuation planning. Expanding the model to cover more areas and to consider the differences between urban and rural areas and those living in single-family structures versus multifamily units is also part of the research agenda. There is need to extend the model results and efforts to increase coastal resilience to other communities to better understand how best to manage areas increasingly prone to flooding.
